Allergic asthma and obesity are the leading health problems in the world. Many studies have shown that obesity is a risk factor of development of asthma. However, the underlying mechanism has not been well established. In this study, we demonstrate that leptin, an adipokine elevated in obese individuals, promoted proliferation and survival of pro-allergic type 2 helper T cells and group 2 innate lymphoid cells and production of type 2 cytokines, which together contribute to allergic responses. Leptin activates mTORC1, MAPK, and STAT3 pathways in TH2 cells. The effects of leptin on TH2 cell proliferation, survival, and cytokine production are dependent on the mTORC1 and MAPK pathways as revealed by specific inhibitors. In vivo, leptin-deficiency led to attenuated experimental allergic airway inflammation. Our results thus support that obesity-associated elevation of leptin contributes to the increased susceptibility of asthma via modulation of pro-allergic lymphocyte responses.
mast cells, leading to airway remodeling, which involves epithelial cell mucus metaplasia, smooth muscle hypertrophy/hyperplasia, sub-epithelial fibrosis, and increased angiogenesis (2, 3) . TH cells, especially TH2 cells, have been shown to play an essential role in allergic airway inflammation. TH2 cells release IL-4, IL-5, and IL-13. Among these cytokines, IL-5 recruits and activates eosinophils that (together with IgE-triggered mast cells) produce IL-13 and TGF-␤ (3). IL-4 from TH2 cells stimulates TH2 cells themselves and also promotes TH9 differentiation. TH9 cells secrete IL-9 (4 -6), a cytokine that is involved in allergic disease likely through induction of IL-13 expression in epithelial cells and activation of mast cells and eosinophils (3, 7, 8) . Besides, regulatory T cells produce TGF-␤ and IL-10 and inhibit conventional lymphocyte proliferation and differentiation, therefore attenuating allergic responses (9) . In addition to TH cells, group 2 innate lymphocytes (ILC2s), a recently defined subset of innate lymphocytes, were shown to play a key role in airway inflammation through secretion of the type 2 cytokines, IL-5, IL-13, and IL-9 (10 -14) . IL-13, produced by ILC2s, enhances dendritic cell migration and promotes TH2 cell differentiation (15) . IL-9 secreted by TH9 cells and ILC2s is critical for ILC2 survival and proliferation (16 -18) . Finally, IL-13 and TGF-␤, released by inflammatory cells, directly act on pulmonary epithelial and muscle cells and promote their proliferation, therefore resulting in airway tissue remodeling and dysfunction (3) . Thus, the induction of airway inflammation is a complex process that involves multiple cell types and cytokines. How deregulation of pro-allergic mediators causes allergic airway disease is not well understood.
Recently, obesity was identified as a major risk factor for the development of asthma by meta-analysis (19 -21) . Adipose tissue is an active endocrine organ secreting adipokines (such as leptin and adiponectin) and cytokines (such as IL-6, IL-8, TNF-␣). These mediators regulate systemic metabolism and is implicated in the regulation of immune responses. In obese individuals, hypertrophic adipose tissue recruits more proinflammatory infiltrates including macrophages, eosinophils, and NK, T, and B cells (22) . After activation, the fat-resident macrophages and adipocytes produce elevated proinflammatory cytokines and adipokines (including leptin), and decreased adiponectin (21) . A number of human studies have examined the relationship between leptin and/or adiponectin and asthma. Most of studies show a positive relationship between serum leptin but a negative association between serum adiponectin and the risk of asthma (reviewed in Ref. 21 ). However, how these two adipokines impact allergic responses remains unclear.
Leptin (encoded by ob gene) is mainly secreted by the adipose tissue and is also present in lymphoid organs (reviewed in Refs. 23, 24) . Leptin receptor (ObR), a member of the class I cytokine receptor superfamily, has at least six isoforms resulting from alternative splicing. The functional leptin receptor (ObRb) is expressed in the hypothalamus, where it regulates energy homeostasis and neuroendocrine function, and is expressed broadly on immune cells. Binding of leptin to its functional receptor activates JAK2-STAT3, MAPK, and PI3K-AKT pathways (23, 24) . Besides its well-known function in energy homeostasis, leptin also plays an important role in regulating immunity. In humans, leptin deficiency leads to higher incidence of infection-related death during childhood (25) . Leptin is involved in the activation, differentiation, proliferation and function of immune cells, such as macrophages and NK cells (reviewed in Refs. 23, 24) . In adaptive immunity, leptin is shown to promote TH1 response in both humans and mice, but its role in pro-allergic TH2 response remains controversial (see more details in "Discussion") (26 -28) . In this study, we examined the effect of leptin in pro-allergic TH2 and ILC2 responses in a murine allergic asthma model. We found that leptin (ob)-deficient mice had attenuated asthma symptoms with decreased eosinophilia, TH2 and ILC2 proliferation and type 2 cytokine production. Consistent with this, leptin treatment promotes TH2 cell proliferation and survival in vitro in an mTOC1 and MAPK pathway-dependent manner. Our results thus demonstrate a pathogenic role of leptin in asthmatic reactions.
Results

Leptin-deficiency Impairs Type 2 Immune Responses and
Attenuates Allergic Airway Inflammation-To define the role of leptin in allergic responses, we utilized an experimental allergic asthma model induced by papain, a well-characterized pro-tease-based allergen involved in human occupational allergic airway disease (29, 30) , which is through induction of cytokines IL-33 (an alarmin), TSLP, and IL-25 by the airway epithelium (31, 32) . Ob Ϫ/Ϫ mice and their WT littermates were subjected to induction of allergic asthma by papain and Ova as described (15) (Fig. 1A ). After induction of asthma, both Ob Ϫ/Ϫ and WT mice developed allergic airway inflammation displaying increased immune infiltrates and eosinophilia in the airway compared with unchallenged controls. Ob Ϫ/Ϫ mice had significantly decreased infiltrates of eosinophils and lymphocytes in the bronchoalveolar lavage fluids (BALFs) compared with WT mice (Fig. 1B) , whereas unchallenged Ob Ϫ/Ϫ mice had only a few eosinophils and lymphocytes in the BALFs that are comparable with unchallenged WT mice (supplemental Fig. S1A ). To evaluate lung inflammation, we prepared lung sections from the WT and Ob Ϫ/Ϫ mice and stained the sections with hematoxylin and eosin. We observed that Ob Ϫ/Ϫ lungs exhibited decreased mononuclear cell infiltration in the peribronchovascular spaces that contained decreased numbers of eosinophils (Fig. 1C ). In addition, papain and Ova challenge elicited IgE responses in both WT and Ob Ϫ/Ϫ mice; sera and BLAFs of Ob Ϫ/Ϫ mice contained decreased amounts of Ova-specific IgE (Fig. 1D ). IgE expression in unchallenged WT and Ob Ϫ/Ϫ mice was only at the basal levels (supplemental Fig. S1B ). Together, these data revealed a critical role of leptin in allergic airway disease.
Type 2 immune responses manifest one of the hallmarks of allergic asthma. To understand the impact of leptin in type 2 immune responses, we assessed the frequencies of TH2 cells and ILC2s in the LLNs collected from asthmatic WT and Ob Ϫ/Ϫ mice. TH2 cells were defined as LIN ϩ CD4 ϩ IL-13 ϩ cells and ILC2s were defined as LIN Ϫ CD4 Ϫ IL-13 ϩ cells by flow cytometry (LIN refers to lineage surface markers for T and B cells, macrophages, eosinophils, neutrophils, basophils, mast cells, and erythrocytes, including CD3, CD5, B220, CD11b, CD11c, Gr-1, Ter119, and IgE (IgE stains Fc⑀RI ϩ basophils and mast cells)). We found that there were no differences in the frequencies of TH2 cells, ILC2s, and TH1 cells between Ob Ϫ/Ϫ and WT mice ( Fig. 2A , supplemental Fig. S2A ). However, the LLNs of Ob Ϫ/Ϫ mice contained decreased numbers of TH2 cells and ILC2s but comparable numbers of TH1 cells compared with WT mice (Fig. 2B, supplemental Fig. S2B ). Compared with challenged animals, unchallenged Ob Ϫ/Ϫ and WT mice had many fewer TH2 cells, ILC2s and TH1 cells in LLNs (supplemental Fig. S1C ). Upon ex vivo recall with Ova, Ob Ϫ/Ϫ LLN cells expressed less amounts of TH2 cytokines, IL-4, IL-5, and IL-13 and slightly decreased amounts of TH1 cytokine IFN-␥ (which did not reach significance) compared with WT cells (Fig. 2C , supplemental Fig. S2C ), whereas LLN cells from unchallenged Ob Ϫ/Ϫ and WT mice only expressed basal amounts of these cytokines (supplemental Fig. S1D ). These results suggest that leptin-deficiency render TH2 cells but not TH1 cells less responsive to antigen stimulation after a type 2 challenge.
Leptin Promotes TH2 Responses in Vitro-Because leptin-deficiency did not alter TH2 cell frequencies in vivo ( Fig. 2A) , we asked whether leptin affects TH2 cell differentiation. We skewed naïve CD4 ϩ T cells under the TH2 condition in the presence or absence of leptin. We found that leptin treatment had little effect on the percentages of IL-13 ϩ cells (Fig. 3A ). We next examined the impacts of leptin treatment on TH2 cytokine expression. Interestingly, addition of leptin enhanced the expression levels of IL-4, IL-5, and IL-13 ( Fig. 3B ), in agreement with our in vivo observations (Fig. 2 ). These results further suggest that leptin promotes type 2 immune responses by regulating activity of TH2 cells rather than the development of TH2 cells. Although under type 2 immunization, leptin did not impact TH1 cell responses (supplemental Fig. S2 ), it had the same effects on TH1 cells as on TH2 cells in vitro (supplemental Fig. S3 ). In summary, our results demonstrate that leptin promotes type 2 immune responses both in vivo and in vitro that in turn, exacerbate allergic reactions.
Leptin Promotes TH2 and ILC2 Expansion-Our above data show that leptin promotes TH2 cytokine production but not TH2 cell (and ILC2) differentiation in vivo and in vitro (Figs. 2 and 3). To investigate if leptin regulates TH2 cell (and also ILC2) proliferation, we first examined expression of Ki67, a cell proliferation-associated nucleic protein that marks cells at active phases (G1, S, G2, and M) but not the resting phase (G0), in TH2 and ILC2 cells generated after induction of allergic asthma. We observed that the frequencies and numbers of Ki67 ϩ cells were greater in WT TH2 cells and ILC2s than the corresponding leptin-deficient cells (Fig. 4A ). Interestingly, leptin-deficiency did not significantly change Ki67 ϩ cell frequencies inTH1 cells (supplemental Fig. S2D ), which was due to the type 2 immune environment eliciting by papain. We next assessed the effect of leptin on the proliferation of in vitro generated TH1 and TH2 cells by CFSE dilution. Interestingly, leptin treatment did not affect TH2 nor TH1 cell proliferation during the primary differentiation ( Fig. 4B , supplemental Fig.  S4 A) . However, during 1-day restimulation of rested TH2 cells, leptin treatment boosted both TH1 and TH2 cell proliferation in a dose-dependent manner (Fig. 4C, supplemental Fig. S4B ). These data suggest that leptin affects proliferation of effector TH2 as well as TH1 cells but not primarily differentiating TH2 and TH1 cells.
Leptin Promotes TH2 Cell Survival-In addition to proliferation, survival of TH2 cells also affects their cytokine secretion. We measured activation induced cell death in in vitro differentiated TH2 cells and found that leptin treatment protected TH2 cells from cell death induced by plate-bound anti-CD3 restimu-lation in a dose-dependent manner (Fig. 5A) . Consistently, leptin treatment induced expression of an anti-apoptotic protein Bcl-2 that promotes cell survival (33) (Fig. 5, B and C) . In addition to TH2 cells, leptin induced expression of Bcl-2 in TH1 cells and promoted TH1 cell survival (supplemental Fig. S4, C  and D) . Thus, leptin promotes not only proliferation but also survival of TH2 and TH1 cells.
Leptin Treatment Activates STAT3, mTORC1, and MAPK-In an antigen-presenting cell-free system shown in Fig. 3 , we observed that leptin promoted TH2 cytokine production. To further understand how leptin directly acts on TH2 and ILC2 cells, we examined whether leptin receptor is present on both TH2 and ILC2 cells. Flow cytometry analysis of the LLN cells isolated from asthmatic mice showed that both TH2 cells and ILC2s expressed ObR (Fig. 6A ). To further determine whether leptin itself regulates ObR expression, we treated TH2 cells with or without leptin, and found that ObR was expressed on TH2 cells but leptin treatment did not alter the expression levels of ObR (Fig. 6A ). TH1 cells generated either from the asthmatic response or in vitro differentiation also expressed ObR and the expression levels of ObR was not affected by the concentrations of leptin (supplemental Fig. S5A ). Taken together, these results imply that leptin directly targets and regulates the activities of TH2 cells, ILC2s, and also TH1 cells.
To gain further insights into the role of leptin in facilitating proliferation and survival of TH2 cells, we investigated several pivotal signal cascades that were reported to regulate proliferation and survival of T cells, including JAK2-STAT3, MAPK, and PI3K-AKT-mTOR pathways (34 -36) . By using immunoblot,weobservedthatleptintreatmentstronglystimulatedphosphorylation of S6K, a kinase downstream of mTOR complex 1 (mTORC1) in in vitro polarized TH2 and TH1 cells (Fig. 6B , supplemental Fig. S5B ). Similarly, leptin treatment induced p38 and ERK1/2 MAPK phosphorylation in both TH2 and TH1 cells ( Fig. 6B, supplemental Fig. S5B ). In addition, we observed STAT3 activation upon treatment with leptin in both TH2 and TH1 cells ( Fig. 6C, supplemental Fig. S5C ). These findings indicate that leptin activates mTOR, MAPK, and JAK2-STAT3 pathways in TH2 and TH1 cells (maybe also ILC2s).
MEK and mTOR Inhibitors Block the Effects of Leptin on TH2 Cell Proliferation, Survival, and Cytokine Production-To
understand the specific signal cascade induced by leptin governs TH2 cell proliferation and survival, two different types of signal inhibitors, PD98059 (an inhibitor of MEK1/2 blocking MAPK pathways) and rapamycin (mTOR inhibitor) were utilized in proliferation and survival assay. We found that either PD98059 or rapamycin inhibited leptin induced proliferation of TH2 cells (Fig. 7A) , in which the proliferation are comparable with no leptin-treated TH2 cells. In addition, treatment with either PD98059 or rapamycin blocked the protective effect of leptin on activation induced TH2 cell death (Fig. 7B) . Moreover, we examined the effect of both inhibitors on TH2 cytokines expression. As expected, enhanced expression of TH2 type cytokines induced by leptin treatment were reversed by addition of either of these inhibitors (Fig. 7C) . These findings suggest that both MAPK and mTOR signal cascades are indispensable for the comprehensive function of leptin, which results in promotion of TH2 cell proliferation, survival, and effector cytokine production (outlined in Fig. 7D ). Taken together, our results demonstrate an essential role of leptin in allergic airway disease through activation of JAK2-STAT3, MAPK and PI3K-AKT-mTOR signal cascades and promotion of survival and proliferation of pro-allergic lymphocytes.
Discussion
Meta-analysis revealed a link between obesity and the risk of developing allergic asthma (19 -21) . However, the underlying mechanism remains unclear. Although several studies demonstrated that leptin promotes TH1 responses both in vitro and in vivo, the role of leptin in pro-allergic TH2 responses has not been thoroughly investigated and the past studies have shown unconvincing results (26 -28) . In a mixed lymphocyte reaction assay, leptin treatment enhanced IFN-␥ but inhibited IL-4 producion; this effect of leptin was only observed in memory but not naïve T cells (26) . IFN-␥ is known to inhibit TH2 cell differentiation, prolierfation, and cytokine production (37, 38) , therefore in the mixed lymphocyte reaction assay, massive production of IFN-␥ by polyclonal memory TH1 cells might inhibit the TH2 response. Whether leptin affects an antigen-specific TH2 response need further clarification. In another study, Batra et al. revealed that leptin enhanced TH2-mediated colitis and promoted the development of Gata3 ϩ (TH2) cells (28) . Interestingly, the same authors observed controversial results in vitro, in which treatment with extremely high concentration of leptin (1 g ml Ϫ1 ) reduced IL-4 ϩ TH2 cell frequences in repeated polarization cultures but not the primary skewing culture (28) . High concentration of leptin may be toxic and over-whelm its physiological effects, because the serum leptin levels are 7.5 Ϯ 9.3 ng ml Ϫ1 in non-obese human (39) . In a childhood asthma and obesity study, the obese asthma cohort had higher plasma levels of both IL-4 and IFN-␥, correlated with their leptin levels, compared with the controls; although the non-obese asthma group had even higher levels of IL-4, the IgE levels between the obese and non-obese asthma groups were comparable (27) , suggesting different mechanisms underlying the regulation of TH2 responses in these two conditions. Our current studies showed that both in vitro and in vivo, leptin did not alter the differentiation of TH2 cells but promoted their survival and proliferation, which resulted in elevated expression of TH2 cell cytokines, IL-4, IL-5, and IL-13. Interestingly, we observed that leptin had the same effects on TH1 cells as on TH2 cells, consistent with the literatures mentioned above. Therefore, the outcome will likely be determined by the skewing condition. Under a type 2 condition, such as allergic asthma, leptin predominantly affects TH2 cells but not TH1 cells. Whether a coincidence of type 1 immune response (e.g. bacterial or fungal infection), in which leptin also affects TH1 cells, impacts the effects of leptin on TH2 responses needs further study.
Recently, ILC2s were shown to be the early responders in experimental asthma induced by proteinase allergens, papain, and house dust mite (HDM) extract (10 -14) . In addition to type 2 cytokine production, ILC2s promote TH2 cell polarization and memory responses via IL-13-dependent dendritic cell migration to the mediastinal lymph node (15, 40) and major histocompatibility complex class II (MHCII)-mediated cross- OCTOBER 14, 2016 • VOLUME 291 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 22047 talk (41, 42) . In agreement with this, mice deficient in ILC2s fail to mount efficient TH2 responses (15, 41) . On the other hand, activated TH2 cells, via secretion of IL-2, also reciprocally promotes ILC2 development (29, 42) . However, whether leptin regulates the development of asthma through an ILC2-dependent mechanism remains unknown. We observed reduced total number but comparable frequencies of ILC2s in Ob Ϫ/Ϫ mice in the asthma model compared with WT control mice. Consistently, leptin-deficiency resulted in the decrease of proliferation of ILC2s. Therefore, leptin enhances ILC2 proliferation and contributes to asthmatic responses.
Leptin Promotes TH2 and ILC2 Responses
Leptin acts to modulate immune cell function through multiple signaling pathways including JAK2-STAT3, MAPK, and PI3K-AKT (23, 24) . The leptin-STAT3 pathway is known to mediate cell survival in hippocampal neurons (43) . In line with this, activation of STAT3 by leptin is required for IL-6-mediated anti-apoptotic function in T cells (36) . However, whether the leptin-STAT3 axis also impacts T cell proliferation and survival remains unclear. On the other hand, leptin has been shown to exert anti-apoptotic effect and activate ERK1/2 and AKT-mTOR pathways in TH1/TH17 cells (35) . Interestingly, the anti-apoptotic effects of leptin are dependent on MAPK activation, rather than the PI3K pathway in human Jurkat T cells (34) . Our present studies showed that leptin activated STAT3, MAPK, and AKT-mTOR pathways in TH2 cells and up-regulated Bcl-2, therefore contributing to leptin-mediated proliferation and survival. Indeed, treatment with either PD98059 or rapamycin blocked the effects of leptin on TH2 cell proliferation, survival, and cytokine production. In summary, our study demonstrate that leptin enhances TH2 and ILC2 responses and promotes allergic asthma via activation of STAT3, MAPK, and PI3K pathways, supporting the meta-analysis results that obesity-associated elevation of leptin increases the risk of development of allergic asthma.
Materials and Methods
Animals-Ob Ϫ/Ϫ (leptin-deficient) mice on C57BL/6 background were generated by crossing female and male heterozygotes; homozygotes and wild-type (WT) littermates at age of 5-8 weeks were used at the initial of experiments. All mice were housed in the specific pathogen-free animal facility at the University of New Mexico Health Sciences Center. All experiments were performed with protocols approved by the Institutional Animal Care and Use Committee of the University of New Mexico. Induction of Allergic Asthma-For induction of allergic asthma, age, and sex-matched Ob Ϫ/Ϫ and WT littermates were immunized intranasally with 25 g of papain and 50 g of chicken ovalbumin (Ova) for three times on day 0, day 1, and day 14. On day 15, BALFs were collected for analysis of airway infiltrates as described (44) . Lung draining mediastinal lymph nodes (LLNs) were collected for cytokine expression and proliferation assays. To reveal lung inflammation, the left upper lobes of the asthmatic lungs were collected for hematoxylin and eosin stain.
In Vitro TH2 Cells Differentiation-CD4 ϩ CD25 Ϫ CD62L ϩ naïve T cells were sorted from C57BL/6 WT mice and differentiated in a TH2-polarizing condition (5 g ml Ϫ1 anti-IFN-␥ and 10 ng ml Ϫ1 IL-4) using plate-bound ␣-CD3/␣-CD28 and low serum (3-5% FBS)-containing RPMI medium with or without addition of leptin as indicated. Afterward, the resulting cells were re-stimulated in serum-free medium (OpTmizer TM CTS TM T-Cell Expansion SFM, Life Technologies) for intracellular cytokine expression, apoptosis, and proliferation assay in the presence or absence of leptin.
Proliferation Assay-In vitro TH2 cell proliferation was assessed by carboxyfluorescein succinimidyl ester (CFSE) dilution. During polarization, CFSE-labeled naïve cells were cultured under the TH2 condition in low serum RPMI medium (3-5% FBS) for 3 days; during re-activation, rested TH2 cells were labeled with CFSE and re-stimulated with plate-bound anti-CD3 in serum-free medium with or without addition of leptin for 20 h. For in vivo proliferation, single-cell suspensions of LLNs from the asthmatic mice were prepared, and Ki67 expression in TH2 and ILC2 cells was measured by intracellular stain on a CD4 ϩ LIN ϩ IL-13 ϩ or LIN Ϫ CD4 Ϫ IL-13 ϩ gate, respectively. LIN (lineage marker) includes CD3, CD5, B220, CD11b, CD11c, Gr-1, Ter119, and IgE.
Cell Death Assay-Following restimulation with plate-bound anti-CD3 with or without addition of leptin as indicated for 24 h, activation induced cell death of TH2 cells were assessed by 7-AAD marking DNA contents in damaged cells or LIVE/ DEAD Green (LIVE/DEAD Fixable Dead Cell Stain Kits, Invitrogen) reactive to free amines both in the interior and on the cell surface.
ELISA-LLN cells (4 ϫ 10 6 cells ml Ϫ1 ) from the asthmatic mice were recalled with various concentrations of Ova for 3 days, and the supernatants were collected for measurement of cytokine expression by ELISA using a standard protocol. For in vitro differentiated TH2 cells, the cells were polarized for 4 days and restimulated for overnight in the presence of various concentrations of leptin as indicated, and the supernatants were used to measure cytokines expression. To measure Ova-specific IgE, plate-bound Ova (100 g ml Ϫ1 ) was used as capture and anti-mouse IgE (23G3, eBioscience) as detection antibody.
Immunoblot-In vitro differentiated TH2 cells were starved for 24 h in serum-free medium and then treated with leptin (200 ng ml Ϫ1 ) for different time spans. Afterward, whole-cell lysates were prepared and subjected to immunoblot analysis for multiple leptin-associated signaling proteins expression. To evaluate Bcl-2 expression, in vitro differentiated TH2 cells were further cultured in serum-free medium with or without leptin (200 ng ml Ϫ1 ) for 24 h, and whole-cell lysates were used for immunoblot. Antibodies were anti-p70 S6 kinase (S6K) (CG1396, Cell Applications), anti-phospho (p)-S6K (Thr-389) (9205, Cell Signaling), anti-p-p38 MAPK (Thr-180/Tyr-182) (9211, Cell Signaling), anti-p38 MAPK (8690, Cell Signaling), anti-Bcl-2 (BCL/10C4, Biolegend).
Flow Cytometry Antibodies-CD3e (145-2C11), CD4 (GK1.5), CD5 (53-7.3), B220 (RA3-6B2), CD11b (M1/70), CD11c (N418), Gr-1 (RB6-8C5), Ter119 (TER-119), IgE (23G3), IL-13 (eBio13A), and Ki67 (SolA15) were purchased from eBioscience, p-STAT3 (Tyr-705) (4/P-STAT3) from BD Biosciences, ObR (AF497), and anti-goat IgG (NL002) from RnD Systems, and goat IgG isotype control (sc-3887) from Santa Cruz Biotechnology.
Phospho-STAT Stain-Phospho-STAT3 stain was performed using a previously described protocol with minor modifications (45) . In brief, in vitro differentiated TH2 cells were starved for 24 h in serum-free medium and then treated with or without leptin (200 ng ml Ϫ1 ) for 20 min. The cells were then fixed by 1.6% paraformaldehyde for 20 min, resuspended in 50% ethanol for 1 min, and permeabilized with methanol for 20 min.
The resulting cells were stained with anti-p-STAT3 in cold 0.1% BSA-PBS for 30 min.
Statistical Analysis-The statistical significance of differences between groups was calculated with the unpaired Student's t test. p values of 0.05 or less were considered significant.
